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PREFATORY NOTE.

The report on the Sunset-Midway field is published in two parts. Part I (Professional
Paper 116), by R. W. Pack, describes the general geology of the Sunset-Midway region and
the development and underground conditions in the productive field and discusses also the
origin and migration of the oil. Part IT (Professional Paper 117), by G. S. Rogers, contains
analyses of the oil, gas, and oil-field waters and a discussion of their composition in relation
to their geologic occurrence; some figures on the geothermal gradient; and a brief discussion
of the invasion of oil sands by water.

The reader is referred to Part I for all general information regarding .the field and for
detailed acknowledgments to those who cooperated in the field work. In addition, however,
the author of Part IT desires to express his especial appreciation of the generosity of Dr. E. A.
. Starke, who freely discussed the problems of the chemistry of oil-field waters and who con-

tributed some of the analyses used in this report.
-1
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THE SUNSET-MIDWAY OIL FIELD, CALIFORNIA.

PART II. GEOCHEMICAL RELATIONS OF THE OIL, GAS, AND WATER.

By G. SexrBurNE RocEzs.

CHEMICAL AND PHYSICAL PROPERTIES OF THE
OIL AND GAS.

INTRODUCTION.

. California petroleum differs in many im-
‘portant respects from the varieties produced in
other parts of the United States, and a con-
siderable amount of chemical study has been
devoted to it. The most refined and detailed
studies have been made of oils from the coastal
fields of California, but a large number of
analyses or tests of the oil and gas from the
Sunset-Midway field have also been made from
time to time by different chemists. Although
many of these analyses have already been pub-
lished, it has appeared advisable to collect the
best of them and reprint them here in order that
the properties of the hydrocarbons may be
studied in relation to their geologic occurrence.
Despite the fact that the ordinary analysis of an
oil is designed primarily for the use of the re-
finer and represents but poorly the geochemical
character of the oil, it nevertheless gains in in-
terest and significance when considered in rela-
tion to geologic conditions.

In the following pages a number of selected
analyses or tests of the oil and gas from this field
are given, with such descriptions of the analyt-
ical methods used as are necessary to an under-
standing of the results. These are followed by
8 discussion of the character of the oil and gas
in relation to their geologic occurrence, and of
the probable changes that they have undergone
in the course of their migration.

CHEMICAL AND PHYSICAL PROPERTIES OF THE
OIL. .

METHODS OF ANALYSIS,

Petroleum consists of an extremely complex
mixture of many bodies or compounds com-
posed chiefly of carbon and hydrogen. Some

of these hydrocarbon compounds may also con-

| tain smaller quantities of oxygen, nitrogen, or

sulphur, which have an important bearing on
the properties of the oil. -

The simple hydrocarbon compounds may be
separated according to the proportion of their
hydrogen to their carbon atoms into several
well-recognized series, each of whose members
thus has a general type formula. The so-called
paraffin series, for example, comprises hydro-
carbons having the following specific formulas:
CH,, C,H,, CH,, C,H,, etc.  All these com-
pounds contain two more than twice as many
hydrogen atoms as carbon atoms, and the
general formula for the series is therefore
C,H,ni,. Similarly the naphthene or poly-
methylene series (C,H,s), the acetylene series
(C.H,,—,), the terpene series (C,H,,_,), and
the benzene series, or aromatic hydrocarbons
(CoH,n—s) may be distinguished and certain
members of still other series have been identi-
fied in some oils. 'The members of each hydro-
carbon series, though having the same type
formula, differ from one another in specific
composition and in physical properties, such as
boiling point, specific .gravity, and index of
refraction. Thus the first four members of the
paraffin series, CH, to C,H,,, are gases at ordi-
nary temperatures; the next group, comprising
more than a dozen, are liquids; and the most
complex members of the serjes are solids. In
addition, the same specific formula may repre-
sent two distinct compounds or isomers, differ- -
ing slightly in physical properties. Finally
there are the oxygen, nitrogen, and sulphur
derivatives of the hydrocarbon compounds.

Any given crude oil may be a mixture of
scores of hydrocarbon compounds of several
different series and of their oxygen, nitrogen,
and sulphur derivatives. As all these com-
pounds differ slightly from one another in their

9
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boiling points and in their behavior toward
chemical reagents, it is possible, by extremely
careful work, to separate many of them out.
The preliminary separation is accomplished by
taking advantage of the difference in boiling
points; for example, the liquid that distills
from an oil between 160° and 162° C. will
probably consist largely of one hydrocarbon,
and after repeated distillation and purification
by reagents the compound may be obtained in a
practically pure condition. This method, how-
ever, can be applied only to the compounds that
boil below a certain temperature. When the
heat is raised above this point the heavy frac-
tions remaining in the flask begin to ‘“‘crack”
or to break down. The exact chemical consti-
tution of very heavy tar or asphalt can therefore
only be inferred. Furthermore, as an analysis
of the oil by these methods is an extremely long
and tedious process, requiring many months, it
will readily be seen that its application to a
large number of samples is impracticable.

A much shorter method of determining in a
general way the composition of an oil is the
ultimate or elemental analysis—that is, the
determination of the proportions of carbon and
hydrogen and usually of the nitrogen, oxygen,
and sulphur. If the oil consisted of a single
hydrocarbon such an analysis would identify it
precisely, but as all crude oils are mixtures the
ultimate analysis simply indicates the general
type or average of the hydrocarbons present.
Such an analysis has no direct value for ¢om-
mercial purposes, but it sums up conveniently
the broader differences between oils from
different regions.

The third and by far the most common type
of analysis is based on the fractional distillation
of the oil. Certain arbitrary temperature
points are selected, and the volume of liquid
distilling over between each successive pair of
these points is recorded. These figures corre-
spond roughly with the proportions of gasoline,
lamp oil, etc., that the crude oil will yield in
refining and are therefore a rough index of the
market value of the oil. An analysis of this
type also constitutes a kind of epitome of the
analysis by detailed fractionation; in other
words, the gasoline fraction consists of several
hydrocarbons belonging to one or more series,
the kerosene fraction consists chiefly of several
different hydrocarbons, and so on. If the oil
has been first carefully studied and its general
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constitution determined, some idea of the
character of the hydrocarbons in each fraction
can therefore be gained. On the other hand,
such analyses, which are stated chiefly in ar-
bitrary or conventional terms, are open to many .
criticisms, Slight differences in the chara-ter
of the retort used or in details of technique
may cause a very appreciable differenco in
results, and unless the methods used by the
chemist are known the analyses have little
comparative value.! Although made primarily
for commercial purposes they indicate only
approximately the refining value of the oil,

-partly because they test only small quantities

and partly because they do not show definitely
the stability of the hydrocarbons, which
depends chiefly on the series to which they
belong and which has become especially im-
portant since the introduction of the var‘ous
cracking processes. Nevertheless, such an~ly-
ses, especially if made in the same laboratory,
furnish a valuable and convenient means of
comparing at least the relative-character of
different varieties of petroleum.

CONSTITUTION OF CALIFORNIA PETROLEU ".

Although the presence of -petroleum in
California was known more than 50 years ago,
few attempts were made to study the oil
chemically until production on a commervial
scale was begun in Los Angeles County, in the
early nineties. The marked differences in
gravity, flash point, color, etc., between C~li-
fornia petroleum and the Appalachmn oil ex-
ploited at that. time were early recognized,
however, and when chemical study was made
possible by commercial production steps vrere
taken to ascertain the chemical basis for tl ~se
differences. It was. found in brief, - that
whereas Pennsylvania petroleum is made ‘up
chiefly of hydrocarbons of the paraffin series,
the California petroleum, is practically lacking
in paraffins and is eon;posed of hydrooarbons
belonging tb series'lower in.hydrogen, princi-
pally the naphthenes, terpenes, and aromatic
compounds..

As farback as 1894 8. F. Peckham published
a general description” of California oil and
called attention especially to the nitrcgen
bases that it contains. In 1896 Frederick
Salathé gave the preliminary results of his

1 Rittman, W. F., and Dean, E. W., The analytical distillatfen of
petroleum: Bur, Mines Bull. 125, p. 8, 1916.
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studies, stating that he had identified members
of the paraffin, terpene, and aromatic series, as
well as nitrogen bases of the pyridine and
chinoline series. In 1897 C. F. Mabery began
a detailed study -of California petroleum,
which was not completed until 1904. Clifford
Richardson, in 1906, published the results of
his studies and reviewed the previous work.
Ultimate analyses, determinations of nitrogen
and sulphur content, etc., have been contrib-
uted also by O'Neill, Prutzman, Allen and
Jacobs, and others, but Mabery’s work remains
the most complete and valuable study of the
chemical constitution of California oil. The
most important discussions of the character
and chemical constitution of California oil are
the following:

Avren, I. C.; and Jacoss, W. A., Physical and chemical
properties of the petroleums of the San Joaquin Valley,
Calif.: Bur. Mines Bull. 19, 1911. Gives result of
fractional distillations of many samples and ultimate
analyses of five composite samples.

Arren, I.C.,Jacoss, W, A, CrossFIELD, A. 8., and Mar-
THEWS, R. R., Physical and chemical properties of
the petroleums of California: Bur. Mines Tech. Paper
74,1914, Deals with fractional distillation and de-
termination of commercial values of several hundred
samples of oil from various California fields.

LenereLp, F., and O’NEWL, E., A study of California
petroleum: Am, Chem. Jour., vol. 15, p. 19, 1893.
Preliminary note on the general character of California
oils.

MasEery, C. F., Preliminary paper on the composition of
California petroleum: Am. Chem. Jour., vol. 19, p.
796, 1898. Describes detailed fractionation of oil
from Ventura County.

Masgry, C. F., and Hupsox, E. J., On the composition
of California petroleum: Am. Acad. Artsand Sci. Proc.,
vol. 36, p. 255, 1900. Describes the separation and
identification of many hydrocarbons in samples of
oil from Coalinga. This paper is also published in
the Am. Chem. Jour., vol. 25, p. 253, 1901.

Maszery, C. F., and Hupsox, E. J., Nitrogen compounds
in California petroleum: Soc. Chem. Industry Jour.,
vol. 19, p. 504, 1900. Discusses the character of nitro-
gen compounds in California oil and describes the
separation and identification of a series of basic com-
pounds, probably hydrochinolines.

Masgry, C. F., Hydrocarbons in Santa Barbara crude oil:
Am. Acad. Arts and Sci. Proc., vol. 40, p. 340, 1904.
Describes the separation and identification of seven
hydrocarbons in sample of oil from the Summerland
field. .

Mazsery, C. F., The composition of American petroleum:
Am. Chem. Soc. Jour., vol. 28, p. 415, 1906. Sums
up the composition of California petroleum and com-
pares it to the oil from other fields.

O’NenL, Epmonp, Petroleum in California: Am. Chem.
Soc. Jour., vol. 25, p. 699, 1903. Gives a brief de-
scription of California oil, including fractional-distilla-
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tion tests, determination of sulphur and nitrogen con-
tent, and ultimate analyses.

Precxuaym, S. F., Notes on the origin of bitumens: Am,
Philos. Soc. Proc., vol. 10, p. 445, 1868. Describes
California oil, contrasts it with Pennsylvania oil, and
discusses the chemical basis for the differences be-
tween the two.

Pecxmaum, S. F., On the nitrogen content of California
bitumen: Am. Jour. Sci., 8d ser., vol. 48, pp. 250,
389, 1894. Discusses the general character of Califor-
nia petroleum with special reference to the nitrogen
and sulphur compounds. \ ,

PrurzMaN, PauL, Production and use of petroleum in-
California: California State Min. Bur. Bull. 82, p. 220,
1904. Discusses the chemical character of California
oil, gives a few ultimate analyses, and many frac-
tional-distillation tests.

PrurzMaN, PAauL, Petroleum in southern California: Cali-
fornia State Min. Bur. Bull. 63, 1913. Contains a
great many commercial analyses of southern California
oils.

RicaarpsonN, CLirrorp, Petroleum from the Olinda field,
Cal.: Soc. Chem. Industry Jour., vol. 19, p. 123. A
short note on the fractionation of Olinda oil.

RicaARDSON, CuiFrForD, Petroleume of North America:
Franklin Inst. Jour., vol. 162, pp. 57, 81, 1906.
Gives the results of many tests of the chemical charac-
ter of California petroleum and reviews most of the
carlier work. Compares the character of California oil
with that of the petroleum from other fields.

SavaTHE, FREDERICK, Résumé of original researches, anal-
yses, and refining methods of petroleum, mainly from
the southern counties of California: California State
Mineralogist Thirteenth Ann. Rept., pp. 656-661,
1896. A short preliminary discussion of the chemical
character of California oil, with special reference to the
nitrogen compounds.

Mabery studied samples of oil from a number
of the southern California oil fields and also a
sample from the Coalinga field. The southern
California oils examined comprise varieties
which closely resemble those produced in the
Sunset-Midway field and which are probably
very similar chemically. The Coalinga sample
presumably represents Cretaceous oil, which
differs from the ordinary Tertiary oil of Califor-
nia in being somewhat lighter in gravity and in
containing some paraffin. A list of the hydro-
carbons identified byl Mabery in these oils,
compiled from his articles already cited, is
presented in the accompanying table. In inter-
preting these data it must be remembered that
the hydrocarbons identified do not by any
means include all the compounds present in the
oil but only the simple hydrocarbons having
boiling points below the temperature at which
cracking begins. The nitrogen and oxygen
compounds were eliminated by treatment with
reagents and were not considered. :

|
|
|
|
|
|
B
|
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TasLe 1.—Hydrocarbons in California petroleum.

[C. F. Mabery and E. J. Hudson, analysts.]

§ Index of
Sample. bmiali Hydrocarbon. Formula. %ﬁ]}l’t‘g g];eg?; r&fg;c- Series.
°C, °C.

Well of Coalinga Oil 68-70 | Mixture of hexaneand | CgH,and |.... ... [..... . |....... Paraffin  (C H,,q0)
Co., Oil City district, hexamethylene. CeH s and naphthene
Coalinga field. Spe- (CoH;y).
cific gravity 0.8423, 79-81 | 85.5 per cent benzol...| CeHg......l.... ...l .. )oll.L Benzene (C,H,, ).
or 36° B, 96-98 | Heptamethylene...... CHy,.--... 96-98 10.7413 j....... Naphthene (Czﬁ_: e

109-110 | 54 per cent toluol. .. .. L0752 PUDSRIN I PR P Benzene (CnH" j
118-120 | Octonaphthene. .. .... CiHop. . 1187120 | S7532°| 0100 Naphthene (C.Hop).
134-135 | Nononaphthene. ..... CoHygeo oo vt 134-135 | . 7591 |....... Do.
137-140 | 60 f cent meta- | CoHygerennfeenenannafonnaa]in.ns Benzene (C,H; ).
xylol. :
571 U P 150 | .8117 |....... Naphthene (C,Ha,).
160-161 | Dekanaphthene. . .... CyoHy,. ---| 160-161 | 7841 | ... .. Do.
BT () ORI I FO S 7749 ... ... Benzene (C,H,, ).
181~191 | Undekanaphthene....| C,,Hy,. - 195 ] .8044 |....... Naphthene (C,H.p).
208-210 | Dodekanaphthene....| C,Hy,. . AT TN P Do.
Well of Puente 0il Co., 96-98 | Heptamethylene...... CH,...... 96-98 | .7440 |....... Do.
Puente Hills field, | 118-120 | Octonaphthene....... CeHyg. .- 118-120 | . 7540 |....... Do.
Los Angeles County. | 160-162 | Dekanaphthene. ..... CyoHyp.- -] 160-162 | .7745 |....... Do.
Specificgravity 0.892,| 168-172 | Chieflya benzolhom- |...._ ... [...... .. ... ..., Benzene (C H, .. ).
or 26.9° B. ologue.
190-200 | Undekanaphthene....| CH,..... 195 | .8046 |....... Naphthene (C,Hxp).

Owens No. 2 well of | 96-100 | Heptamethylene...... CrHygee- - - 96-100 | .7420 |....... Do.
Union Oil Co., Bards- | 116-120 | Octonaphthene....... CeHyg...:..] 116-120 | .7566 |....... Do.
dale district, Ven- | 160-162 | Dekanaphthene. ... .. CyoHgo- 160-162 | .7905 |....... Do.
tura County., Spe- | 190-194 | Undekanaphthene....| C;;Hy,. 190-194 | .8046 |....... Do.
cific gravity 0.8923,
or 26.8° B, :

Well at Scotts Hill, 66-70 | Hexamethylene and | CgHpand [.........|.... . .coo.o Naphthene (C I%;,)
Sespe district, Ven- hexane. C:f-l[u. an n (Upm
tura County. Spe- . H, 40)-
cific gravity 0.8782, | 96-98 | Heptamethylene... ... CHpgo - 96-98 | 7436 |....... Naphthene (C,H.y).
or 29.4° B, 118-120 | Octonaphthene....... CgHg. - - - 118-120 | . 7569 |....... Do.

158-160 | Dekanaphthene. ... . CroHon- .| 158-160 | 7751 |12 7. Do,
194-196 | Undekanaphthene... | C;;H,,. - .. 195 | .8022 |....... Do.
230-232 | Tridekanaphthene....| C;Hyq. .. .| 230-232 | ,8134 {1.4745 Do.
244-246 | Tetradekanaphthene .| C,,Hog. . ..| 244-246 | .8154 |1.4423 Do.
260-262- | Pentadekanaphthene.| C;;Hyy. ...} 260262 | .8171 |....... Do.

Well at Summerland, [2150-155 | Hydrocarbon......... Cy3Hy,. - . .[0150-155 | .8621 [1.4681 | C H,, .
Santa Barbara Coun. [¢175-180 |.. ... A0mneen CrHo. .- .la175-180 | .8808 [1.470 0.
ty. Depthof well 245 [¢190-195 |..... doeneninini, CHaq. . - -[0100-195 | .8619 [1.4778 | Terpene (CoH;p).
feet. Specific grav- [6210-215 |- do..-........... CroHy,. - -[0210-215 | 18996 11484 Do.
ity of oil 0.9845, or [a250-255 |._ ... do. e, CyoHy,. - ..2250-255 | .9209 |._..... Do.
12.2° B. 4310-315 |..... downmmiaiiiil H,. ..-0310-815 | 9451 [1.5146 | O .H, ..

0340345 |- ... do.ooi il CooHy. . --|9340-345 | 19778 {....... )

a At 80 millimeters mercury pressure.

The table shows that the paraffin hydro-
carbons, which are the main constituents of the
Appalachian and Mid-Continent oils, are prac-
tically lacking in the California petroleum,
The only paraffin compound identified was
hexane, which forms a portion of the fractions
boiling between 66° and 70° C. It is probable,
however, that hexane and still lighter paraffins
form a.larger proportion of the small fractions
boiling below 66°. The fractions boiling above
70° seem to consist entirely of members of the
naphthene or polymethylene series and of the
benzene series or aromatic hydrocarbons, both

of which are impertant constituents of the
Russian petroleum. The very heavy Summrer-
land oil, however, contains no naphthénes
except perhaps in its lightest fractions; the
portions, examined consist of members of un-
saturated series still lower in hydrogen. "he
presence of members of the series C,H,, 4 is
noteworthy, for these very heavy and unstable
hydrocarbons have been found only in certain
foreign petroleums.

The broader differences between California
petroleum and that from the Appalachian fields

are well summarized .in the following table,
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which shows the ultimate composition of a
series of oils ranging in gravity between 12°
and 42° B. The first five analyses represent
composite samples of oil from the main fields of
San Joaquin Valley and indicate that the com-
position of the average oil from those fields
varies but slightly. The next four analyses
represent samples from several of the southern
California fields. In a broad sense all these
analyses indicate that California oil is fairly
uniform in composition, and no sample differs
markedly from the average of the nine. Analy-
sis 10, which represents oil from the famous
Lucas gusher of the Spindletop field, Tex.,
shows somewhat more hydrogen and a higher
percentage of sulphur, though in general
similar to the average of the California samples.
Analyses 11 to 13 represent the lighter and
higher-grade oils of the Mid-Continent and
Appalachian fields. They differ from the
California oils in their higher hydrogen content,
which is due to the fact that their hydrocarbons
. belong chiefly to the paraffin series. The
eastern oils are also lower in nitrogen and
sulphur than the California petroleum. It is
noteworthy, however, that despite the progres-
sive increase in hydrogen, the percentage of
carbon is practically constant. With increase

13

in hydrogen there is supposed to be a tendency
toward decrease in heating value, but variation
in this property is apparently very small. The
relation of these eastern oils to the Californian

oil is shown graphically. in figure 1, which is -
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F1GURE 1.~~Diagram showing relation of gravity to percentage of hydro-
gen in California and other varieties of petroleum.

based on the decrease in gravity that accom-
panies increase in hydrogen.

TapLe 2.—Ultimate analyses of petroleum, from California and other fields.

Specifi vi Hydro- | Nitro-
Fleld. gr%t}g G(reaB.)t.y Cﬂrbgn. gc%r gen.
California fields: . )
.1, Sunset, Kern County (composite sample). . ... 0.9705 | 14.3 | 85.64-1 11.37 | 0.84
2. Midway, Kern County {composite sample)....| .9580 | 16.1 | 86.58 | 11.G1.| .74
8. McKittrick, Kern County (composite sample) .| .9600 | 15.8 | 86.51 | 11.41 . B8
4. Kern River, Kern County (composite samlple) . -9670 [ 14.8 | 86.86 | 11.27 .74
5. Coalinga, Fresno County (composite sample)...| .9505 | 17.3 | 86.87 [ 11.30 } 1.14
6. Puente Hills, Los Angeles County. . . .8920 | 26.9|84.96 1196 1.20
7. Bardsdale, Ventura County......... .8923 | 26.8184.17112.15| 1.25
8. Summerland, Santa Barbara County. .9845 1 12.2186.32| 1170 1.25
9. Ventura County (composite sample). . . . L9120 | 23.5)84.00}12.70| 1.70
- Average......... teereacecscncenasnranennnn L9430 18.5 | 85.66 | 11.7 2} 1.05
- Other fields: j
10. Sﬁmdletop, > S .9130 | 23.3 | 85.03 [M12.301} b.92
11. Cherryvale, Kans. . ...oocoeouieoaiianna... L8650 | 31.8 ] 85.43113.07 |.......
12. Findlay, Hancock County, Ohio............. .8149 | 41.8|84.35|13.86| .13
13. Burning Springs, W. Va.......... s 8302 | 38.6184.30 | 14.10/{......|.......
@ Undetermined; probably chiefly oxygen. . b Includes oxygen. " ¢ Probably includes nitrogen and sulphur.

1-5. Allen, I.C., and Jacobs,W. 8., Physical and chemical properties of the pei;roieums of the S8an Joaquin Valley,

Calif.: Bur. Mines Bull. 19, p. 28, 1911.
6-7. Mabery, C. F., and
vol. 36, p. 2565, 1900.
8. Mabe:
9. Salathé, Fred,

‘udson, E. J., On the composition of California petroleum: Am. Acad. Arts and Sci. Proc.,

ry, C. F., Hydrocarbons in Santa Barbara crude oil: Am. Acad. Arts aﬂd 8ci. Proc., vol. 40, p. 340, 1904.
: State Mineralogist California Thirteenth Rept.
10. Richardson, Clifford, The petroleums of North America: lgta

, P- 656, 1896. S
lin Inst. Jour,, vol. 162, p. 113, 1906. . Calorific

value determined on anether sample of oil from same well: Redwood, Boverton; Petroleum and its products, vol. 1,

P- 208, 1906

11. Bartow, Edward, and McCollum, E. V., Kansas petroleum: Kansas Acad. Sci) T
12. Mabery, C. F., On the composition of the Ohio and Canadian sulphur petroteuma:

P. 727, 1895,

13. Ste, Claire-Deville, H., Sur les progriétés physiques et le
5

minérales: Compt. Rend., vol. 66, p. 442, 186

Trans., vol.ll.é, p 58_,' 1903
Am, Chem:. Jour., vol. 17,

ouvoir calorifique des pétroles et des huile

vol. 68, pp. 349, 485, 636, 1869.
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The nature of the oxygen, sulphur, and
nitrogen. compounds in California oils has
never been fully studied, though their pres-
ence was recognized by the earliest investi-
gators. Probably the commonest oxygen
compounds are the phenols and the naph-
thenic acids. The latter are formed by the
oxidation of the naphthene hydrocarbons and
have the general formula C,H,, ,0,. They
have been recognized by W. E. Perdew in
waters associated with the oil in the Sunset-
Midway and Coalinga fields. They are prob-
ably potent agents in the emulsification of
the oil that is so troublesome in some locali-
ties in the California fields; and they are im-
portant also because their presence’ in water
may be regarded as an indication that the
water has been closely associated with oil.

California petroleum congaing in general a
fairly high proportion of sulphur, though the
nature of its compounds has apparently never
been investigated. Salathé! states that the
sulphur is contained chiefly in the heaviest
fractions and that most of it is traneferred to
the middle fractions during distillation in the
form of sulphur addition products. The sul-
phur in California oils is easily removed in re-
fining and is not an especially deleterious con-
stituent as it is in some of the eastern oils.
The sulphur content of oils from the Sunset-
Midway field. appears to be closely related to
their-gravity, the heaviest oils containing the
most sulphur. (See p. 13 and fig. 3.)

California petroleum is especially note-
worthy for its high nitrogen content; Mabery?
states that some specimens exa.mmed ‘by him
contain 20 or 25 per cent,of nitrogen com-
pounds. These compounds are not difficult
to remove in refining but, being valueless in
themselves, reduce the value of the crude oil
accordingly. The nitrogen bases have been
investigated to some extent by Peckham,
Salathé, and Mabery. Salathé states that he
isolated pyridin and chinoline, but Mabéry
regards the nitrogen compounds as probably
hydrochinolines and states that they have a
high specific gravity and a pungent odor re-
sembling that of nicotine.

1 Salathé, Frederick, op. cit., p. 658.
2 Mabery, C. F., The compasition of American petroleum: Am, Chem.
Soe. Jour., vol. 28, p. 415, 1906.

The following
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series of nitrogen bases have been identi®ed
by Mabery: 3

Boiling point (°C.).

(o3 : 16\ S 130-140
o : P S 197-199
'14H19 --------------------------- 215—21 7
'15H19 --------------------------- 223"225
o3 : B0 S 243-245
(e : 70 S 270-275

Although the details of the particular hydro-
carbons identified in an oil are perhaps of little
interest except to specialists, the broad con-
clusions for which such work forms the besis
are of interest both to the oil operator and
to the geologist. The most striking physical
properties of California oil are its high gravity
and its high viscosity; its most important
characteristics from the refiner’s standpoint
are the comparatively small proportions of
distillate obtained below 250° C. and -the in-
stability of the crude oil when subjected to
higher temperatures. These characteristics
are explained by the fact that the oil is com-
posed so largely of naphthene hydrocarbons
and of series still poorer in hydrogen. The
early attempts to refine California oil by
methods which had proved successful .in
Pennsylvania were failures, and for a long
time the oil was used chiefly as fuel. Owing
to the comparatively small proportions of
light paraffins or of light hydrocarbons of
other series it contains, the gasoline yield was
very low, and owing to the high proportions
of naphthenes and of aromatic hydrocarbons
the kerosene was rather unstable and burted
with a smoky yellow flame. Finally, the
unstable character of all the heavier hydro-
carbons rendered them liable to decomyose
when distilled in the presence of air at ligh
temperatures. These difficulties, which were
thus directly due to the peculiar chemieal
character of the oil itself, were later in lexge -
measure overcome by controlling the tem-

'perature and pressure under which the distil-

lation is conducted%d by -the increased use
of reagents in punfymg the distillates ob-
tained. It is interesting to note, however,
that even now the gssoline produced f-om
California -oil averages -about 5° Banmé
heavier’ thm gasohne of similar volatility and

‘M.absty,c F., Onthenﬂmhosmcﬂlfuniapetmhum Sov.
Chem. lndumy.lour vol 19, p. 505, 1900. ~
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working efficiency derived from Appalachian
oils. More recently it has been found that
the conditions under which decomposition of
the heavier hydrocarbons takes place may b
controlled by regulating the temperature ana
pressure so that gasoline or light distillate i
obtained as a decomposition product. Several
processes for “cracking” or decomposing the
heavier hydrocarbon molecules into lighter and
more valuable ones have been commercially in-
troduced and offer promise of greatly increasing
the yield of motor fuel from California oil.

The chemical composition of the oil is & mat-
ter of interest to the geologist also, for it fur-
nishes important evidence as to the origin and
history of the oil. For example, the nitrogen
present in such noteworthy proportions in Cali-
fornia oil is regarded as very strong evidence of
the derivation of the oil from organic remains,
which is completely in accord with the geologic
evidence on the origin of the oil. (See Prof.
Paper 116.) The fact that California petro-
leum consists chiefly of naphthenes, terpenes,
aromatic hydrocarbons, and other series poor in
hydrogen indicates its relationship with the
oils of southern Texas and Louisiana, of Mexico,
of Russia, ete., rather:than with the light par-~
affin oils of the Appa.la.chm'n and Mid-Continent
fields. This relationship is corroborated-by
the geologic evidence, for the California and
similar oils are chleﬁy of Tertiary age, whereas
the Appalachian and Mid-Continent oils are of
Paleozoic age. David White * has recently sug-
gested that the ultimate criterion is not strictly:
the age but rather the degree of regional meta-|
morphism to which the containing rocks have
been subjected. He has shown that the light
paraffin oils occur only in regions'in which the’
coal has reached the bituminous stage of altera-
tion, whereas the heavy aspha,ltic oils are found.
where the coal is still in the stage of lignite. |
His compilations indicate a remarkably close
sympathy, regionally considered, between the'
composition and character of the organic de-
trital residues or coal and the gravity of the oil. |
Another factor that probably has an influence!
on the character of-oil is the composition of
the organic remains from which it was derived,
but concerning this little is yet known.

Although considerable progress has been
made in correlating broadly the chemical com-

1 White, David, Some reiations in origin between coal and petroleum: ‘
Washington Acad. Sei. Jour., vol. 5, pp. 189, 212, 1915.

i,

|
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position of an oil with its geologic history, there
is yet little definite information as to the rea-
sons for the variation in the character of the
oil from different parts of a single district.
White’s work throwsilight on the fundamental
differences between California and Pennsylva-
nia petroleum, but it does not explain why oil
from the eastern part of the Sunset-Midway
field has an average gravity of about 30°
Baumé, whereas that from the western part is
10° or more heavier| As the constitution of
these oils has never been studied, the true
chemical basis for this difference is unknown,
but light is shed on the subject by the many
commercial analyses avmlable, and the ques-
tion will be cons1derpd in more. detall in the
fo]lowmg pages.

COMMERGIAL ANALYSES.
I

HETHODS O!‘ TESTING.

The commercial analyses and fractional dis-
tillations whose results are given in the large
tables below (pp. 17-21) were made according to
standardized methods by the Bureau of Mines,
and a brief descrlptlon of these methods is there-
fore given.?

Sampling.—The samples were collected at
the wells by members of the Bureau of Mines.
They were put in 1-gallon tin cans that were
soldered tight and shipped at once to the labora-
tories where the analyses were made. The
samples were taken, where possible, by allow-
ing the oil to run from the outflow of the well
directly into the sample can; where this method
wag impracticable a dipper was used.

Specific gravity.—The specific gravity was
determined by means|of the Westphal balance.

Flash point.—As most of the crude oils ex-
amined contained at least a trace of water, they
showed a marked tendency to froth when
heated and gave considerable difficulty with the
closed Pensky-Martens flash tester, many of
them frothing over at temperatures much be-
low the flash point of the oil. For this reason,
and to obtain comparstive tests, it was con-
sidered advisable to determine the flash points
of all the crude sam les in an open Pensky—
Martens cup carefull{ screened from air cur-
rents. . On account of the frothing of the sam-
ples the temperature had to be increased slowly;

| & rise of 2° to 3° C. a minute was found to give

2 Abstracted from Bureau of Mines Tech, Paper 74, pp. 6-10, 1014,
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good results. The gas test flame, of the size
and form recommended for the Abel tester, was
exposed for 1 second 1 centimeter above the
surface of the oil at each rise of 1° C., beginning
at 10° below the flash point as determined by a
preliminary test.

Burning point.—After the flash point had
been determined, the heating was continued
without interruption, exactly as before, until
the “flash’’ became permanent—that is, until
the oil ignited and continued to burn quietly.

Viscosity.—The viscosity was determined in
an Engler viscosimeter at 20° C.

Oalorific value.—The calorific value was de-
termined in a Berthelot combustion bomb of
the Dinsmore-Atwater model. The British
thermal units per pound were calculated by
multiplying the calories per gram by 1.8.

Sulphur.—Sulphur was determined by care-
fully washing out with distilled water the con-
tents of the bomb  after the combustion, the
sulphuric acid being precipitated with barium
chloride in the usual manner and the percentage
of sulphur calculated..

Water.—Water was most accurately and
most conveniently determined during the
course of an ordinary fractionation; it dis-
tilled over in those fractions having a boiling
point between 100° and 150° C. under atmos-
pheric pressure and could be removed readily
from the receivers with a micropipet;te and

weighed.

Fractionation.—The fra,ctlonatlon or separa-
tion of each -oil inte its crude commercial
components, was made in an electrically
' heated still and was conducted as follows: 200
grams of the sample of oil was weighed into a
3-liter flask. The flask was then connected
to a Liebig condenser placed vertically, and
the distillates were collected in weighed re-
ceiving tubes placed in a Bruehl receiver.

The oil was distilled under atmospheric
pressure at increasing temperatures up to
325° C.; the receivers being changed at each
increment of 25°. The temperature was then
allowed to drop to 125° C., to keep the oil
from boiling over when the vacuum was used,
and the distillation was again continued under
a vacuum of 10 to 20 millimeters mercury
pressure till the temperature within the flask

THE SUNSET-MIDWAY OIL FIELD, CALIF.—PART II.

reached 325° C. These cuts at each increment
of 25° C. are termed collectively the ‘‘frac-
tional distillation.”

Refining.—The oils—motor fuels, lamp oils,
and lubricants—were refined as follows: 250
grams of the oil was put in a 1-liter separatory
funnel and shaken vigorously—that is, 120 to
150 shakes a minute for 15 minutes—in a
shaking machine, four times with 10 cubic
centimeters of concentrated sulphuric ac'd (or,
until the oil was not appreciably colored by
this acid tre&tment), once with a 10 per cent
solution of sodium carbonate to remove the
free acids, and three or four times with water
to remove the last traces of soda, etc. The oil
was then dried with Glauber’'s salt and dis-
tilled. This refining acid treatment yielded
a water-white, practically odorless product of
excellent quality. '

Because of their high viscosity, it is advisable
to dilute the heavier fractions (those distilled
under a vacuum at temperatures above 250°
C.) with 1 part of chemically pure benzene
before subjecting them to the acid treatmeut.

RESULTS OF TESTS.

The accompanying sets of tables show in
detail the results of the examination of 64
samples of oil; the samples being grouped
according to the geologic zone in which the
oil occurs. Each table consists of two parts;
the first part gives particulars regarding the
source of the sample, the results of verious
commercial tests, and the percentage of rofined
products; the second part gives simply the
results of the fractional distillation.

The analyses are taken, with certain rrodifi~
cations, from the tables published in Bureau of
Mines Bulletin 19 and Technical Paper 74. Many
of the lease names, uad&l‘w}nch the sa.mples* were
listed in those publications have since been
changed, and the accompanying tables give
the present names. In determining the geo-
logic zone and the depth from which the oil
came some uncertainty may be introduced by
the fact that the well has been deepenod or
reperforated since the sampla was taker. but
the zone and the depth shown.are believed to be
correct for the sample actually analvzed,
though they may not indicate the source of the
oil produced by the well at the present tirne.
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THE SUNSET-MIDWAY OIL FIELD, CALIF.—PART II.

TABLE 4-B.—Fractional distillation of oils from zone B.
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TasLE 5-A.—Physical and chemical properties of otl from zone C.

B

GHEMICAL AND PHYSICAL PROPERTIES OF THE OIL.
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In the tables headed ‘' Fractional distillation”
are given-the-volume of the fractions distilled
in each 25° interval up to 325° C. at atmos-
pheric pressure and thence in vacuum up to
325° C,, makmg in all 15 ‘““cuts.” The part
remeaining in the flask undistilled is termed
asphaltum or residue. A summary of the
results is given at the beginning of the table by
grouping the fractions under their commercial
names—motor fuel, lamp oils, lubricants, and
asphaltum. In the tables published by the
Bureau of Mines the term ‘‘naphthas” was
used for the fraction distilling below 150° C.,
‘‘lamp oils,” for the fraction between 150° and
300° C., and ‘‘lubricants” for the fractions
between 300° C. at atmospheric pressure and
325° C. in vacuum. Owing to modifications
in commercial practice since those tables were
published it is thought advisable to include
the fractions up to 175° C. under the term

“motor fuel” and those between 175° and’

300° C. under the term ‘‘lamp oils,” the terms.
“‘lubricants” and ‘‘asphaltum’ being used as
before. Similarly, in the “columns headed
‘“‘refined products’ in the first table of each
group an amount equal to the volume of the
fraction boiling between 150° and 175° C.
minus the refining loss has been added to the
figure under ‘‘motor fuel” and subtracted
from that under ‘‘lamp oils.” In most of the
samples no distillate was obtained below
175°, so that the figures are unaltered, and in
the remainder the value of this fraction is very
small. It should be recognized that these
commercial groups have no very distinct
limits and are always subject to modification—
for example, the fraction boiling between 300°
and 325° C. (atmospheric pressure) is some-
times sold as unrefined stove oil and is some-
times refined and used formedlcmal purposes
or as a very light lubricant.

GRAVITY AS AN INDEX OF THE PROPERTIES OF
OIL.

Aside from the detailed determinations given
in the foregoing tables, which should be useful
simply as matters of reference, it is interesting
to study the relation- between the gravity of an
oil and its commercial characteristics. Cali-

THE SUNSET-MIDWAY OILi FIELD, CALIF.—PART IIL

fornia oil from a given field is usually purchased
by the pipe-line companies .at prices deter-
mined by its gravity, the lowest price being
paid for the heavy oil and the highest for the
light oil. Gravity is doubtless the most con-
venient general index of the refining quality
of oils from a given district, but the talles in-
dicate that two oils of the same gravity may
differ considerably in regard to many minor
characteristics. Analyses 33 and 57, repre-
senting oils of about 0.93 gravity (20.5° Baumsé),
and analyses 30 and 44, representing oils of
about 0.94 gravity (18.8° Baumé), illustrate
this fact. Furthermore, not only may two
oils of the same gravity yield different volumes
of distillate at a given temperature, bu* these
distillates themselves generally  differ some-
what in gravity.! These differences are too
great to be due to analytical error and indicate
slight differences in the chemical character of

.the oil." Additional evidence of this fact is

afforded by the close relation between the
gravity of the oils and their sulphur cont ent, as
shown in figure 3 (p. 30).

It is commonly supposed that the hervy oil
produced in the western part of the {mset-
Midway field is or might be derived from the
lighter oil by the loss of the lighter froctions
through simple evaporation, but the foragoing
evidence that variation in gravity is related to
variation in chemical character casts doubt on
this assumption. Mabery’s work furnishes ad-
ditional evidence, for the sample of heav:” Sum-
merland oil consists largely of terpencs and
series even poorer in hydrogen and could not
have been derived by simple evaporation from
the lighter oils composed chiefly of naplthenes
and aromatic hydrocarbons. It therefore seems
probable .that although variation in gravity
may be brought about by evaporative losses it
is in nature generally due more to differ-nce in
chemical composition. In other words, varia-
tion in gravity is more likely to be cau-ed by
chemical influences than by purely physical
conditions.

1The gravity of the several fractions Is not shown in the foregoing
tables but was determined by Allen in his examination of similar oils
from the Coalinga field. See Allen, ¥, C.,Chemical and physical proper-
ties of the petroleums of the Coalinga district: U. 8. Geol. Survey Bull.
398, p. 264, 1910, .



CHEMICAL AND PHYSICAL PROPERTIES OF THE OIL.

PROPERTIES OF THE OIL IN 'ﬁELATION TO ITS
: GEOLOGIC OCCURRENCE.

FACTORS INFLUENCING THE PROPERTIES OF OIL.

Although the chemical and physical proper-
ties of oil have been extensively investigated by
chemists and the occurrence of oil in the rocks
has been studied by geologists, the two lines
of work have unfortunately never been corre-
lated. The geochemistry of petroleum, or its
chemical relation to the reactive minerals and
solutions in the rocks, has received but scant
attention. The factors influencing the prop-
erties of oil can therefore only be inferred from
field observations of variation in gravity and
interpreted in the light of the few physical and
chemical data bearing on the subject.

The three producing oil zones in the Sunset-
Midway field are characterized by oils that
differ appreciably in average gravity, the high-
est zone, A, carrying the heaviest oil, and the
lowest zone, C, carrying the lightest. Although
individual samples may depart widely from
the average for the zone, and although the
normal downward succession from heavy oil
to light is in places reversed, the deeper zone
in most localities. carries oil perceptibly lighter
than the upper zone. Abundant evidence of
this is presented in the paragraphs headed
‘‘Character of the oil” in Part I of this report,
and additional data are contained in the analy-
tical tables (pp.17-21),in which the samples are
grouped according to the zone from which they
were taken. The averages given in these tables
indicate that the average gravity of the oil in
zone A is 0.966 (14.9° Baumé), that in zone
B 0.946 (18.1° Baumé), and that in zone C
0.916 (22.5° Baumé). If more samples of the
light oil from zones B and C in the deeper
eastern part of the field were included the differ-
ence in average gravity would be considerably
greater. . :

If the three producing zones represented dis-
tinct formations, the difference in the gravity
of their oils might be due to variation in the
composition of the organic matter from which
the oils were derived or to difference in the
degree of dynamic metamorphism to which
the oils had later been subjected. The pro-
ducing zones, however, are simply groups of
sandy beds in the later Tertiary deposits, and
the oil they carry is believed to have been all
derived from organic remains in the formation

;%37!

underlying them. As these broader factors
have played no part, the differentiation of the . -
oil must have been effected by local conditions ..

or forces either during its migration into the
several zones or after it had come to rest in -
them. Most of the variation probably repre-
sents the algebraic sum of the effects of several
factors, the most important of which are the
following: “ K

1. Physical or structural conditions, such as
depth beneath the surface, distance from the
outcrop of the producing sands, position on the
structure, faulting or fissuring in the surround-
ing rocks, and grain of the containing reser-
voir.

2. The action of chemical reagents, such as
sulphur and oxygen, carried for the most part
by mineralized waters. :

The influence of the physical or structural -
conditions mentioned is very marked, and they
are probably to be regarded as the chief imme-
diate causes of variation in the gravity of the
oil, not only as between the different zones but
also within any one zone. The influence of
most of these conditions has usually been
ascribed to their action in facilitating or pre-
venting loss of volatile constituents by evapo-
ration. In the writer’s opinion, however, the
explanation for much of their influence is to be
found in the second factor, the chemical action
of mineralized water, -which thus seems both
directly and indirectly to be a potent cause of
variation in the gravity-of the oil. In the fol-
lowing pages the influence of physical and
gtructural conditions will be analyzed and the
chemical action of water, the importance of
which perhaps has not hitherto been realized,
will be pointed out.

INFLUENCE OF PHYSICAL OR STRUCTURAL CONDITIONS.

The fact that the oil in the three producing
zones differs appreciably in average gravity is
due partly to the fact that in each of these zones
it is exposed to slightly different conditions.
As stated elsewhere in this report, the three
zones have fairly definite vertical and areal
limits. (See Part I, Pl. ITI.) Thus zone A is
recognized only within a mile or so of the out-
crop and extends down the dip dnly to a depth
beneath the surface of about 1,500 feet. Zone
C, on the other hand, is recognized only in the
deeper territory several miles from the outcrop,
as beneath Midway Valley and the Buena Vista
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Hills. The territory in which zone B is pro-
ductive overlaps that of the other two zones;
zone B is recognized in the deep Buena Vista
Hills territory and also in the northern part of
the field at shallow depths and close to the out-
crop. This zone thus has wider areal limits than
the other two zones and also a greater range in
depth, and its oil is therefore characterized by
wider variation. Where it lies at shallow
depth and close to the outcrop its oil is heavy
and seems entirely similar to the normal oil of
zone A, but in the Buena Vista Hills, where
zones B and C are both deep and far from the
outcrop, their oils differ very slightly.

THE SUNSET-MIDWAY OIL FIELD, CALIF.—PART II.

in this locality yields oil of about 0.933 grevity

(20° Baumé) and about 2 miles farther down

the dip to the northeast yields oil as light as

0.897 (26° Baumé). A similar decrease in

gravity is well shown by analyses 43 to 51 and .
54 in Table 4-A, the gravity decreasing rether

regularly down the dip away from the outerop

for a distance of nearly a mile and a half. This

decrease is shown graphically in figure 2.

The decrease in gravity with increase in
depth is naturally most apparent at relatively
shallow depths. The most conspicuous exam-
ples are the so-called tar sands, which ir. the
western part of the field normally occur sev-
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FIGURE 2.—Diagram showing decrease in gravity with increase in distance from the outcrop as ﬂ}ustr&ted by 10 samples of oil from zone B.
Numbers refer to analyses in Table 4-A.

The chief factors causing variation in the
gravity of oil within a given zone also seem to
be related to distance from the outcrop and
depth beneath the surface. Thus in zones A
and B, which both approach close to the out-
crop in different localities, a gradual increase
in gravity with increase in proximity to the
outerop is commonly apparent. This increase
is of course generally most apparent within a
mile or so of the outerop and culminates at the
outcrop itself, where the oil is a heavy tar or
asphalt. At some localities, however, the de-
crease in gravity down the dip from the outcrop
is apparent for several miles. For example, on
Twenty-five Hill, near the outcrop, zone A
yields oil having a gravity of about 0.983
(12.5° Baumé), and about 2 miles away zone A
yields oil of about 0.966 (15° Baumé); zone B

eral hundred feet nearer the surface thar the
productive sands and carry very heavy and
viscous oil or tar. On Twenty-five Hill there
is a fairly regular gradation in gravity frora the
tar sands through the uppermost producing
heavy-oil sands of zone A to the lighter-oil
sands at the base of zone A. In the territory
where the sands lie deeper decrease in gravity
with increase in depth is generally less marked,
though on Maricopa Flat the uppermost sand
yields oil as heavy as 0.946 (18° Baumé) an the
lowest sands produce oil of 0.892 gravity (27°
Baumé). Although variation in depth or dis-
tance from the outcrop thus appears to be
rather generd]ly accompanied by variation in
gravity, it must not be supposed that the

gradation is everywhere as regular as ir the
Jocalities described. In some places varistion
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in the factors mentioned has no very marked
effect on the gravity, and on the other hand
there are many irregularities in gravity that
"seem to be entirely unrelated to these factors.
The general increase in gravity with increas-
ing proximity to the surface has usually been
ascribed to the escape and loss of the lighter
hydrocarbons. The gas and the more volatile
constituents of the oil are supposed to have
worked their way to the surface and escaped,
leaving the heavier fractions behind as a kind
of residuum. Although this process has prob-
ably been effective to some extent, it is inade-
quate, in the writer’s opinion, to explain the
facts. The gas pressure in the shallow zone
near the outcrop is of course much lower
than in the deeper territory to the east, but
it is by no means negligible. Practically
every well drilled in the shallow territory has
shown some gas; a few have produced con-
siderable volumes of gas, and many have
yielded a small but constant supply for years.
If the gas itself is not wholly lost, it is illogical
to argue that a large proportion of the lighter
liquid hydrocarbons, which are less mobile
than gas, have escaped. Moreover, under-
ground evaporation could have little efféct on
the gravity of the oil several miles from the
outcrop or 2,000 feet beneath the surface,
yet the decrease in gravity may in places
extend as far as this. Furthermore, as already
noted, it is probable that the heavy oil has a
different chemical constitution from the light
oil and could not represent a residuum derived
from it through simple evaporation. Most of
the variation up gravity, therefore, seems to be
a function of |chemical rather than physical
change. The most potent chemical reagent
with which oil is likely to come into contact is
mineralized water, especially surface water; and
the fact that the chances of contact are great-
est near the oqtcrop or near the surfaceseems
to offer the "best explanatlon of the increase
in the gravity of the oil in those directions.
The influence of the other structural or
physical conditions noted above is less marked
and less common. Fracturing or faultmg
of the containing rocks, however, is of impor-
tance in the extreme northern part of the field,
wheré zone B. consists chiefly of tar sands and
zone C yields sibnormally heavy oil. The in-
crease in gravity is probably due in part to
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the escape of the more volatile hydrocarbons,
and in part to oxidation and to contact with
sulphate waters. How large a part the action
of mineralized water has played in thislocality
is doubtful, as the producing beds do not con-
tain much water at present. Circulation of
water across the strata must have been at first
facilitated by the fissuring, although as the
oil grew heavier and sealed the fissures the
circulation would naturally become more
nearly normal again.

The relation between the gravity of oil and
its structural position is apparent in some
localities, the lighter oil occurring near the
crest of the fold. Thus, as pointed out by
Mr.Pack (Part I, p. 154), zone C, in the Calidon-
Record hrea, carries oil averaging about 0.892
(27° Baumé) near the crest of the United
anticline, whereas down the dip to the west the
average gravity of its oil is about 0.921 (22°
Baumé)., In the Buena Vista Hills, southeast
of this locality, a similar but much smaller
variation may be observed in the gravity of
the zoné B oil. Whether this segregation of
the lighter oil near the crest of the fold is
entirely due to gravitational adjustment is not
clear. It is possible that an edge-water con-
dition, or the presence of water in increasing
quantity down the flanks of the folds, has to
some extent influenced the gravity of the oil.

Within certain limits the grain of the reser-
voir rock appears to influence the gravity of
the oil, shale or very fine grained sand usually
carrying a somewhat lighter oil than themedium
or coarse grained sands near by. Thus the
‘“shale oil”’ produced by a few wells near Taft
and by others south of Maricopa is a few
degrees lighter than that obtained from neigh-
boring sandy beds. This association of lighter
oil with shale has been observed in many fields
throughout the world, and in many areas it is
more marked thanin the Sunset-Midway field.
The shale probably acts as a kind of filter,
allowing only the lighter and less viscous
portion of the oil to migrate into it. Day’s
work ! on the fractionation of oil by diffusion
through fuller's earth has shown that under
certain conditions a true chemical separation
is effected in this way, the heavy unsaturated
compounds being largely removed,

1Day, D. I., Gilpin, J. E., and Cram, M. P., The fractionation of
crude petroleym by capillary diffusion: U. B. Geol. Survey Buil. 365,
1908.
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EFFECTS OF CONTACT WITH WATER.

GENERAL NATURE OF EFFECTS.

Altheugh the chemical action of mineralized
water on oil has apparently never been scien-
tifically studied, there is & common belief among
practical . oil men that contact with water
increases the gravity of oil. This belief is
partly founded on the observation, to which
frequent reference has been made in Part I
of this report, that wells in which water is
troublesome usually yield slightly heavier oil
than those in which the water has been shut
out. This difference is of course due partly
to the facts that oil containing a small propor-
tion of water is heavier than clean oil and that
in the process of eliminating the water in
order to test the true gravity some of the
volatile constituents of the oil doubtless
escape. The belief that contact with water
“injures the gravity’’ of oil can not, however,
be wholly explained in this manner, for it is
corroborated by many field observations.

In the Sunset-Midway field the most obvious
example of the association of very heavy oil
with water is afforded by the tar sands, which
generally occur several hundred feet above
the producing sands of zones A or B. The tar
sands are regarded as marking the farthest
limit of migration of the oil from the diato-
maceous shale below. They are sands partly
impregnated with a heavy viscous oil or tar
having a gravity of 0.993 (11° Baumé) or
heavier. The tar sands generally carry sulphur
water, and it is now recognized that they
should in general be treated as water sands and
cased off. A study of the well logs indicates
that most of the tar sands become wholly
water-bearing farther down the dip.

Detailed study of underground conditions
reveals the fact that certain beds in the pro-
ducing zones themselves also become water-
bearing down the dip. This edge-water con-
dition has been fully described by Mr. Pack
in Part I of this report (Professional Paper 116)
and is illustrated in his Plates XVI, XVII,
XXVII, XXVIII, XXIX, and XXXI. There
is good reason to believe that the gravity of
the oil in such sands increases as the water is
approached, though as most wells produce a
mixture of oil from several sands it is difficult
to obtain data as to the gravity of the oil in a
single sand unless it is so heavy as to be
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actually tar. In some wells, however, which
have penetrated an edge-water sand near the
lower boundary of the oil body, the petroleum
encountered is definitely reported to be tar.
This condition is suggested also in Plates XVI,
XVII, and XXVII of Part I. The write~ has
noted a similar condition in several localities
in the Coalinga field, and it is probable that if
more data could be obtained this marked
increase in gravity near the water line might
be found to be fairly widespread.

A somewhat different illustration of the
effect of water upon oil is afforded by sands
which though apparently not actually con-
taining water are in close proximity to water
sands. For example, in much of the area
northwest of Fellows zone C is closely under-
lain by a water sand and the lowest beds in
the producing zone carry oil several degrees
heavier than that in the upper beds. Sim-
ilarly, in the eastern part of sec. 32, T, 12 N.,
R. 23 W., an oil sand lying close above t! « big
water sand carries oil of 0.972 gravity (14°
Baumé), though the neighboring sands both
above and below generally yield.oil of 0.927
to 0.892 gravity (21° to 27° Baumé). It is
reasonable to suppose that where the var‘ation
in gravity is so marked as this the oil and
water sands are connected at some point and
that the two fluids either are now in centact
or have been at some time in the past.

It has already been pointed out thet in-
crease in gravity with increase in proximity to
the outcrop or surface, though perhaps due
partly to the escape of the volatile fractions,
may be more reasonably explained on the
ground that oil near the surface or outcrop is
most likely to come into contact with desrend-
ing surface waters. So far as the field evidence
indicates, therefore, contact with water is
probably the most important single cause of
increase in the gravity of the oil.

INTERACTIONS BETWEEN WATER AND HYDROCARBONS. '

The belief that mineralized water may exer-
cise a chemical effect upon oil is corroborated
by the reverse evidence—that is, the effect of
the reaction upon the composition of the water
itself. It has been shown elsewhere by the
writer ! that the waters asseeciated with the
oil in the San Joaquin Valley oil fields are

1 Rogers, G. 8., Chemieal relations of the oil-field watersin Sar Joaquin
Valley, Calif.: U, 8. Geol. Burvey Bull. 653, 1917,
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almost or quite lacking in sulphate, notwith-
standing the fact that the shallower waters of
the region are characterized by a large concen-
tration of sulphate. An equally striking fea-
ture of many of the waters associated with the
oil is the presence of alkali carbonate, which
is lacking in the shallow waters on the west
side of the valley. Between the sulphate and
carbonate zones is a zone characterized by
waters carrying hydrogen sulphide. Outside
the oil fields sulphate and carbonate maintain
the same mutual proportions to great depths
and hydrogen sulphide waters are rare; the
conclusion is therefore irresistible that a change
in the composition of the oil-field waters has
been caused directly or indirectly by constitu-
ents of the oil or gas. As sulphate is abundant
in the shallower waters everywhere on the west
side of the San Joaquin Valley, whereas sul-
phide is found only near the hydrocarbons, it
is reasonable to suppose that the sulphide has
been derived under special conditions through
reduction of the sulphate.

The observation that waters associated with
oil contain no sulphate is by no means new, for
it was pointed out in 1874 by Eichler ! that the
waters associated with oil in the Caucasian oil
fields contain no sulphate, and this observation
has been amply confirmed by later workers
there and in other fields. Iofer 2 mentions
this widespread peculiarity of oil-field waters
and presents a compilation of 27. analyses of

sulphate-free water from various fields in.

Europe, Asia, and North America. It is gen-
erally supposed that the absence of sulphate is
due to the reducing action of hydrocarbons,
the sulphate being reduced to sulphide, which
passes off as hydrogen sulphide, and an equiva-
lent portion of the-oil or gas being oxidized to
carbon dioxide or carbonate. Hofer writes
the reaction substantially as follows:

CaSO4+CH4=CaQ+H28 +C0,+H,0

or

CaSO,+CH *GaS-i—CO +"H O= CaCO3+H,,S

These-_reactions,_ however, afe hypothetic
and have never been definitely substantiated
in the laboratory. It has long been known

1 Eichler, 'W:; Einige vorliiufige Mittheilungen iiber das Erdol von
Baku: Soc. imp. nat. Moscou Buil., vol. 48, No. 4, 1874.
2 Engler, C., and Hofer, H., Das Erdol, Band 2, p. 28, 1909, -

2%
that sflphate solutiqus are decomposed under’
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some |conditions in the presence of organic
matter with the formation of hydrogen sul-
phide, but it was shown by Meyer,® and more
definitely by Plauchud,* that this decomposi- -
tion is due not to the mere presence of dead
organic matter but to the vital processes of
microorganisms. Numerous observers have
since studied these creatures, whose funections
are diverse and whose impertance from the -

standpoint of the geochemist appears to be
considerable.® Thus: Van Delden,® in experi-
menting with a spegies of bacteria that in-
habits the estuaries jon the coast of Holland,
finds that they liberate in 27 days 843 milli-
grams of hydrogen gulphide per liter, which
represents the reduction of 1,984 milligrams of
sulphur trioxide. Hydrogen sulphlde has been
repeatedly observed} in sea water at places
where organic matter is abundant and where
the circulation is sli%ht, and has been quan-
titatively determined by several observers.
Lebedinzeff 7 finds that water from a depth of
8,290 feet in the Black Sea contains 6,550 parts
per million of hydrog¢n sulphide, and Zelinsky®
has identified in the bottom muds of the
Black Sea several qucws of anaerobic bacteria
that are very active in the formation of hydro-
gen sulphide. It is therefore well established
that sulphate may be reduced by bacteria in
the presence of organic matter, but the bear-
ing of this process upon the reduction of sul-
phate in the oil-field waters is doubtful. There
is no evidence to show that even anaerobic
bacteria can continue to exist in the .muds
after the muds have been covered with a
thousand. feet or more of sediments and ele-
vated into land, yet| there is reason to sup-

8Meyer, Lothar, Chemische Untersuchung der Thermen zu Landeck
in der Grafschaft Glatz: Jour. prakt. Chemie, Band 91, pp. 5-6, 1864,
¢ Plauchud, E., Recherch :g la formation des eaux sulfureuses

naturelles: Compt. Rend., vol. 84, p. 235, 1877; Sur la réduction des
sulfates par les sulm.ran'es ot sur la formation des sulfures métalliques
naturels: Idem, vol. 95, p. 1363, 1882. See also Xtard, A., and Olivier,
L., De la réduction des sulfates par les étres vivants: Idem, vol. 95,

s Winogradsky, Sergius, Ueber‘Schwefelbacteriem: Bot. Zeitung, Nos.
31-37, 1887.

6 Van Delden, A., Beitrag zur Kenntnis der Sulfatreduktion durch
Bakterien: Ceutta.lbl. Ba.kterinlorle, Band 11, Abt. 2, pp. 92-93, 113-119,
1903.

% Lebedinzeff, A., Vorliiufige Mttteilung iiber den chemischen Unter-
suchungen des Schwarzen und Agowischen Meeresin Sommer 1881: Soe,
nat. Odessa Trav., vol. 16, fasc. 2, p. 149, 1891; abstract In Roy. Geog.
Soc. Proc., new ser., vol. 14, p. 461, 1892,

8 Zelinsky, N. [Sulphydric fermentation in the Black Sea]: Russ.
Chem. Soc. Jour., vol. 25, pp. 2981303, 1804; abstract in Chem..'Soc. Jour,
vol. 66, pt. 2, p. 200, 1894, Andrpssow, N., Physical exploration in the
Black Sea: Roy Geog. Boe. Jour.| vol. 1, p. 49, 1893,
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pose that in some localities surface waters are
percolating down to the oil zone and are being
altered at the present time.

The belief that hydrocarbons can reduce sul-
phate in the absence of bacteria and at mod-
erate temperatures has been tacitly accepted
for many years, and few attempts have been
made to prove it in the laboratory. The ex-
periments of the earlier workers are discredited
by the fact that no precautions were taken to
exclude bacteria, and certain later attempts
proved unsuccessful, but recently Kharit-
schoff ! has described some simple experiments
that seem to have been at least partly success-
ful. He studied mixtures of equal volumes of
10 per cent sodium sulphate solution and kero-
sene or benzene under different conditions of
temperature and pressure. In three samples
heated in the open for 420 hours at 96° C.
some sulphide was formed, presumably through
reduction of sulphate. A solution of magne-
sium sulphate mixed with kerosene and heated
for 420 hours apparently underwent somewhat
more reduction than the solution of sodium
sulphate. Kharitschoff concludes from these
experiments that the reduction of sulphate can
be accomplished by hydrocarbons, but that
high pressure and temperature during a long
period of time are necesssary to insure com-
plete reduction.

Although the exact manmner in which the
alteration of the waters is brought about is not
definitely known, the usual view, that it is due
to reaction with the hydrocarbons, certainly
explains the chief phenomena—the disap-
pearance of the sulphate and the formation of
sulphide and of carbonate. It should be
recognized, however, that the reaction as
written above, involving methane, is im-
probable. Methane, being itself -a decomposi-
tion product, is the most inert member of the
paraffin series, which are the most stable of all
hydrocarbons. Certain series, poorer in hy-
drogen, which are abundant constituents of
California oil, are much less stable and prob-
ably react more readily with sulphates. In
fact, it is quite possible that certain constitu-
ents of the oil other than simple hydrocarbons
are most active in the reduction of the sulphate
solutions. In any event the equation showing
the reaction as written can be considered only

1 Kharitschoff, K. V., The waters in petroleum wells: Petroleum
Rev., vol. 29, p, 368, 1013,
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a condensed representation of the type of
change that takes place, the stages in the
decomposition of the hydrocarbons on the one
hand and of the sulphate on the other being as
yet unknown.

Economically the most important result: of
the reduction of sulphate in the oil-field waters
is the formation of hydrogen sulphide. As
this gas is found in many of the waters abnve
the oil measures and as these waters still con-
tain some sulphate, it is probable that they
are undergoing alteration at the present ti-ae.
Few waters, however, carry more than 100
parts per million of hydrogen sulphide, and
none of the Sunset-Midway waters yet ana-
lyzed contain more than a fraction of this
amount. As the complete reduction of 100
parts of sulphate would yield 35 parts of hy-
drogen sulphide, and as all the upper waters
carry several hundred or several thousand
parts of sulphate, it is evident that either the
sulphate in these waters is not all reduced or
else the hydrogen sulphide is being removed
from solution nearly as fast as it is being
formed. Some of it may unite with iron to
form iron sulphide, which is precipitated, and
some of it may mix with the hydrocarbon
gas, but the total quantity accounted for in
this way is not great.

Hydrogen sulphide readily oxidizes to sul-
“phur, probably in accordance with the equation
2H,8+4+0,=2H,0+2S. Under more strongly
oxidizing conditions or in the presence of certain
bacteria the sulphur becomes thiosulphuric,
sulphurous, and finally sulphuric acid. ""he
complete reversion of hydrogen sulphide to
sulphuric acid or sulphate is probably not
widespread in buried strata, but the change to
free sulphur, which takes place even under very
feebly oxidizing conditions, must be taken
into account. It is probable that considerahle
amounts of hydrogen sulphide are oxidized to
sulphur and are removed by precipitation
from the waters above the oil measures.? As
the strata above the oil measures have not
been examined for sulphur this hypothesis
can not be definitely proved, but commernial
deposits of sulphur have been found near the
south end of Sunset field, in see. 21, T\ 11 N,
R. 23 W., in pockets and fissures in the

27The precipitation of sulphur by the oxidation of hydrogen sulphide
is discussed in detail by Walter I*, Hunt (Origin of the sulphur deyosits
“of 8icily: Econ. Geology, vol. 10, pp. 543-579, 1015).
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McKittrick group, which includes the oil
meagures in the producing field mear by.
Most of the sulphur is amorphous, but some
of it occurs as clear yellow crystals as much
as a quarter of an inch in diameter. A steady
flow of hydrogen sulphide is emitted from a
pipe which has been driven a short distance
into the ground near one of the prospect pits.
A very interesting feature of this sulphur, to
which the writer’s attention was first directed
by Dr. E. A. Starke, of the Standard Oil Co.,
is its intimate mixture with hydrocarbon
material, which seems to constitute 20 per
cent or more of the amorphous substance.
No oil or tar seeps are found in the immediate
neighborhood of the sulphur deposits, but
deposits of brea occur less than a mile away.
-Small deposits of disseminated sulpbur are
found elsewhere along the western edge of
the Sunset-Midway field, and it seems probable
that these accumulations have been derived
from sulphate by the reducing action of
hydrocarbons.

CHEMICAL ACTION OF SULPHUR AND OXYGEN ON PETRO-
LEUM.

It has been shown above that hydrogen
sulphide, presumably formed through the
reduction of sulphate by hydrocarbons, exists
in the waters directly above the oil measures,
and that much of this gas is probably oxidized
to sulphur. The chemical action on the oil
of this sulphur and also of oxygen, another
active agent carried in solution by most
descending surface water, will now be con-
sidered.

If paraffin or paraffin-bearing oil is digested
with sulphur at moderate temperature it be-
comes black and heavy and finally passes to a
substance resembling solid asphalt. Simi-
larly, if a light asphaltic oil is treated with sul-
phur it also becomes darker and more viscous,
finally becoming asphalt. Under laboratory
conditions the reaction is accompanied by the
evolution of hydrogen sulphide, and in fact
an old laboratory method of generating hydro-
gen sulphide consists in heating paraffin and
sulphur in a retort. The swlphur atom, by
extracting 2 atoms of hydrogen from the oil,
causes a condensation or polymerization of the
hydrocarbon molecule, and this change is re-
flected in the increase of the gravity of the oil
itself as it approaches solid asphalt. A simple

example of change through the action of sul-
phur, from the polymethylene series of the
general formula C H,, to the heavier aromatic

series of the general formula C H,, ;, may be.

written as follows:!
Hexamethylene-+sulphur = benzene--hydrogen sulphide

CH, +38 =CH;+ 3H,S
Although this condensation of the hydro-

carbon molecule caused by the formation of

H,S is the change of greatest geologic interest,
under most conditions some of the sulphur
enters into combination with certain oil con-
stituents to form simple sulphur compounds
or complex sulphur derivatives. As already
stated, California petroleum contains a rela-
tively large percentage of sulphur compounds,
though their exact nature is unknown.
Sulphur is readily soluble in petroleum, and
certain Texas oils contain both hydrogen sul-

phide and free sulphur in solution, in addition -

to the compounds of sulphur. Apparently the
solution of sulphur in the heavier hydrocarbons
of petroleum is immediate, even at ordinary
temperature, though its solubility in oil natu-

rally varies according to the series of hydro-

carbons involved. In Peckham’s opinion the
reaction between sulphur and the hydrocar-
bons, whereby the latter are rendered heavier
and more asphaltic, also proceeds at ordinary
temperature.? Finally, according to Ende-
mann,® heavy hydrocarbons react with pyrite
just as free sulphur, half of the sulphur in the
pyrite molecule (FeS,) being given off as IH,S
and the rest remaining as a lower sulphide of
iron.

Oxygen also exercises a pronounced effect on
petroleum, the general character of which is
commonly known. 'When oil is exposed to the
air for a long time it becomes dark, heavy, and
viscous, and finally passes to asphalt, This
change is due chiefly to the evaporation of the
more volatile constituents but partly to oxida-
tion. Thus, if hot air is passed through oil
for several hours the oil becomes black and
asphaltic.* The action of oxygen is similar to

1KG&hler, H.,, Die Chemie und Technologie der natiirlichen und
kilnstlichen Asphalte, p. 112, Braunschweig, 1904,

2 Peckham, 8. F. and H. E., On the sulphur content of bitumens:
Boc. Chem, Industry Jour., vol. 16, pp. 996-997, 1807,

8 Endemann, H., discussion of paper by 8. F. and H. E, Peckham,
The analysis of asphaltum: 8oc. Chem. Industry Jour., vol. 16, p. 426,
1897,

4 Jenney, W. P., On the formation of solid oxidized hydrocarbons
resembling natural asphalts by the action of air on reined petroleum:
Am, Chemist, vol. 5, p. 359, 1875, .
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that of sulphur; some of the oxygen may be
taken into combination with the oil to form
complex acids or phenols, and part of it ab-
stracts hydrogen from the hydrocarbon mele-
cule to form water. This reaction is involved
in the Byerly process for preparing asphalt by
slowly distilling petroleum while passing air
through it.! Oxygen, like sulphur, may also
cause direct polymerization. Hausmann and
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known of the structure of the oxygen com-
pounds. However, naphthenic acids, which
are the oxygen derivatives of the naphthenes.
having the general formula C,H,, ,0,, are
known to exist in California oils. According
to Ostrejko,* if Russian oil, similar to tke
Californian, is exposed to the air, especially in
sunlight, these acids form at ordinary tempers-
ture, with resulting turbidity and darkening

SPECIFIC GRAVITY
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FIGURE 3~Diagram showing relation of gravity to percentage of sulphur in 100 samples of oil from the Sunset-Midway field. Analyres
represented by small solid circles made by Bureau of Mines; the others by different chemists.

Pilat? note that a naphthene may be trans-
formed into an aromatic hydrocarbon by the
action of oxygen at 140° C., and suggest that
a similar change may be accomplished under-
ground by some such agent as manganese
dioxide.

Oxygen is usually not determined in the
analysis of oil, and comparatively little is

1 Mabery, C. F., and Byerly, J. H., The artificial production of asphalt
from petroleum: Am. Chem. Jour., vol. 18, p. 141, 1896,

2 Hausmann, J., and Pilat, 8., Studien iiber die Oxydation der Pe-
troIkohlenwasserstoﬁe Congrés mtemat pétrole Compt. rend. Sess. 3,
p. 878, 1907,

of the oil. Hydroxyl derivatives of the nature
of phenols have been found in California ard
other oils,* and formic and oxalic acids are
reported in petroleum from the Grosny district,
Russia, the quantlty increasing with the gravity
of the 011 8

The ease mth which petroleum takes up
oxygen naturally varies according to the pro-

8 Ostrejko, R. A., Influence of sunlight and air on petroleum products
(abstract): Soc. Chem. Industry Jour., vol. 26, pp. 345, 645, 1896.

4 Mabery, C. F., The composition of American petroleum: Am. Chem.
Soc. Jour., vol. 28, p. 426, 1906,

6 Schidkoff, N., Acid content of Grosny petroleum and derivatives
(abstract): Soc. Chem. Industry Jour., vol. 18, p. 360, 1899.




CHEMICAL AND PHYSICAL PROPERTIES OF THE OIL.

vailing series of the hydrocarbons in jt. For
example, the terpenes, which have the general
formula C,H,,_, and which are noteworthy
constituents of some California petroleum,
have a well-known tendency to oxidize and to
polymerize and doubtless contribute to the
viscosity and resinification of the heavy oils.

. RELATION OF SULPHUR CONTENT TO GRAVITY.

Se far as the chemistry of the process is con-
cerned there is no question as to the ability
of sulphur and oxygen to render petroleum
heavier and more asphaltic; and if the action
of these agents in nature has really been wide-
spread it is reasonable-to expect that variation
in gravity would be accompanied by variation
in the sulphur and oxygen eontent of the oil,
as shown by analysis. It is evident, however,
that there can be no exact relation, for the

_particular part of the sulphur or oxygen that

- contributes chiefly to increasing the gravity of
the oil is the part given off and lost as H,S or
H,0; and the size of this part in relation to
that remaining in the oil as sulphur or oxygen
is apparently indeterminate. In other words,
only the traces of the reactive substances can
be found by analysis; the portions of those sub-
stances that have actually been effective have
been lost. Furthermore, inasmuch as oxygen
is not determined in the industrial analysis of
petroleum, the data are not available for study-
ing wvariation in gravity in relation to oxygen
content, and as all the gravity variation can
not be ascribed to sulphur alone the relation
between sulphur and gravity can not be uni-
formly exact.

In view of these considerations, the relation
between sulphur and gravity, shown in the
accompanying diagram (fig. 3), seems reason-
ably close. This diagram shows the relations
in & hundred samples, which include all those
analyzed by the Bureau of Mines and the few
represented by published analyses made by
other chemists. It appears in general that oil
lighter than 22° Baumé contains less than 0.6
per cent sulphur, and that oil heavier than 14°
Baumé contains more than 1 per cent. The
heavy tar found above the productive oil sands
in the western part of the field probably con-
tains in general more than 1.5 per cent of
sulphur. There are a few samples, however,
in which the relation between sulphur and
gravity departs more or less widely from the
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average. It is not unreasonable to. suppose
that these departures represent variation in
the unknown factor, that is, the oxygen content.
Heavy oils abnormally low in sulphur may owe
their high gravity to excessive oxidation, and
light oils that seem abnormally high in sulphur
may be free from oxygen and affected only by
reaction with sulphur. The great majority,
which fall within a fairly narrow zone, have
probably been affected by both oxygen and
sulphur.

CHANGE IN PROPERTIES DURING MIGRATION.

* Although the gravity of oil is affected by
several structural or physical conditions, it is
evident that a most important factor, geo-
logically as well as chemically, is contact with
oxygenated or mineralized water. ~ This ex-
plains not only the high gravity of the oil in
direct contact with water or even in close
proximity to water, but also to a large extent
the marked increase in gravity with increase
in proximity to the outcrop or the surface.
As oil in the course of its migration is practi-
cally certain to encounter water, it follows
that the gravity of the oil, within certain
limits, increases roughly with increase in the
distance which the oil has migrated.

As described in Part I of this report, the
oil in the Sunset-Midway field is believed to
have originated in diatomaceous shale of
Miocene age and to have migrated up into the
Miocene or Pliocene formations which rest
unconformably on the shale. The basal sandy
beds of these formations probably constituted
the main avenue of migration, the oil working
through these beds until it reached the sur-
face. At the outcrop, through evaporation
and oxidation and in some degree through
the action of sulphate waters; the oil became
changed to tar or asphalt and sealed the
avenue of escape. Further movement in this
direction being cut off, the oil that followed
presumably migrated from the general sandy
zone into the individual sands that extend out
from it in angular unconformity. These sands
constitute the reservoirs from which the bulk
of the oil is now obtained.

From what has already been shown it is
evident that oil which migrates, being more
likely to encounter reactive substances (and per-
haps fresh supplies of them), is likely to become
altered in the course of its migration. It is
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evident, however, that the action of oxygen,
sulphur, or other agents on the o0il will be more
or less localized, because ordinarily the quan-
tity of these substances available is small
compared with that of the petroleum The
oil that is the first to traverse a given course
comes into contact with reacting substances
at their highest potential and therefore be-
comes changed more radically than the oil
that follows it. If these reacting substances
should become exhausted then oil might pass
them unaffected. On the other hand, oil
that moves with extreme slowness and re-
mains a very long time in contact with re-
active agents may undergo changes just as
marked as those in oil which had previously
moved through the channel at a more rapid
rate. In general, however, that portion of
the oil which migrated first or farthest will
be the most altered.

When the oil migrated up from the diato-
maceous shale into the basal sandy zone of
the overlying beds it must have come into
contact with the water then occupying those
beds and displaced the water. As the beds
were for the most part laid down beneath the
sea it is probable that the water contained in
them was mostly sea water, though near the
outcrop or the surface meteoric or surface
water had doubtless driven out the original
sea water to some extent. Some of the later
Tertiary beds, however, were laid down in
lakes, and these beds were doubtless saturated
with brackish or fresh water. Ordinary sea
water contains 2,700 parts per million of sul-
phate, and the fresh or brackish surface waters
of the west side of San Joaquin Valley carry
from 50 to 7,000 parts, averaging perhaps

2,500 parts. (See analyses, Tables 18 and 19,
pp.81-82.) Ontheother hand,oxygenis much
more soluble in fresh water than in salt water.!
Such fresh or brackish meteoric water as the
oil may have encountered in its upward migra-
tion certainly carried more oxygen than the
sea water entrapped in the sediments; it may
have carried much more or much less sulphate,
but on the average it probably carried about
the same amount. The 2,700 parts of sul-
phate contained in the sea water which the
oil first encountered was undoubtedly sufficient
to effect alteration, especially as the oil in its

1 Clarke, ¥, W., The data of geochemistry,3d ed.: U. 8. Geol. Survey
Bull. 616, p. 141, 1916,
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slow upward migration continually encommn-
tered fresh supplies.

The time required for the reduction of a
given quantity of sulphate by a given quantity
of oil is unknown but is probably fairly long—
that is, all the sulphate in the water en-
countered by the first 0il to move was probably
not reduced, and most of it remained to re~ct
with the oil that followed. The first oil, how-
ever, was doubtless the most altered; and wl-~n
this oil in its upward course reached the zone
of surface waters and became subjected alsc to
the action of oxygen its alteration must have
become still more pronounced. This more
radical alteration culminated at the outcrop
itself, wheré evaporation and atmospheric cxi-
datmn became added factors and caused the
oil to become s0 viscous that movement in that
direction was largely stopped. The oil that
followed migrated into the sands that branch
off from the main sandy beds, zone A probably -
being filled first because the water to be dis-
placed in that zone was under lower pressvve..
As the oil migrated farther and farther out in
zone A it became more and more altered, until
the first oil to enter the beds had become so
tarry and viscous that movement ceased.
Zones B and C were filled with oil which
probably had a shorter distance to migr~te
than that entering zone A and which was ac-
cordingly less altered. Further differentiation
was doubtless brought about later by descend-
ing surface waters, which naturally affected
most strongly the oil in zone A and in thase
portions of all three zones lying nearest the
outcrop. How much of the alteration of the
oil has come about since it reached its presnt
position is a matter of conjecture; but if, as
the writer supposes, much of it was effected
during migration it is evident that none of the
oil could have migrated very far.

CHEMICAL CHABACTER OF THE GAS.
COMPOSITION OF NATURAL GAS.

Natural gas is much more simple in chemical
composition than oil, and its possible constitu-
ents are relatively few in number. Most gas
is a mixture of two or mors light hydrocarbons
with small proportions of the inert geses
nitrogen and carbon dioxide. It has long
been known that the predominating hycro-
carbons in all natural gas are the light mem-
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bers of the paraffin series—chiefly methane
and ethane—but wuntil recently it was sup-
posed that members of the olefin series, such
as ethylene, are also present. Burrell and
Oberfell : have shown, however, that the olefins
do not occur in natural gas and ascribe the
fact that they are often reported to the errone-
ous analytical methods in common use. Hy-
“drogen and carbon monoxide are also fre-
quently reported, but the same investigators
state that they do not exist in natural gas.
Oxygen is present in many samples but in
most it is probably due to an admixture of air
during sampling. In general, therefore, the
constituents of natural gas are the lighter
paraffins, carbon dioxide, and nitrogen.

The several lighter paraffins occurring in
natural gas are not separated and identified by
the ordinary or eudiometric method of analysis.
The total paraffins are determined, and it is
assumed that they consist entirely of methane
and ethane, the proportions of which are cal-
culated from theoretical equations. As a
matter of fact, however, it is known that the
next higher paraffins, propane and butane,
are present in many gases and small quantities
of pentane and hexane vapor in some. As all
these hydrocarbons are of different heating
value, illuminating power, specific gravity, and
other properties, it is evident that the ordinary
analysis of a gas affords only a rough basis for
estimating its commercial value.

In general, the commercial value of natural
gas depends chiefly on its heating power and
on its content of gasoline vapor. Its heating
power is determined by the relative propor-
tions of the several hydrocarbons and of the
carbon dioxide and nitrogen. The heating
value of methane at 0° C. and 760 millimeters
pressure is 1,065 British thermal units, of
ethane 1,861 British thermal units, of propane
2,654 British thermal units, and of butane
3,447 British thermal units; that of carbon
dioxide and nitrogen is nil. Most natural gas
consists chiefly of methane and therefore has a
heating value somewhere near 1,100 British
thermal units; the presence of ethane, propane,
and butane increases the heating value and the
presence of carbon dioxide and nitrogen lowers
it. As the heating value reported by the

1 Burrell, G. A., and Oberfell, G. G., Composition of the natural gas
ased in twenty-five cities: Bur. Mines Tech. Paper 109, p. 11, 1915,
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chemist is commonly calculated from the pro-
portions of methane and ethane, which are
simply assumed quantities, the figure reported
may not agree very closely with the actual
heating value. The illuminating power of
natural gas, which is controlled by the same
factors as the heating value, is generally so
small that it is of little commercial importance.

The value of gas for gasoline extraction
depends on its content of the gases propane -
and butane and the vapor of theliquids pentane,
hexane, and heptane. By compression or
refrigeration, or by solution in mineral oil,
much of the propane and butane and prac-
tically all of the heavier hydrocarbons can be
copdensed to the liquid form, and after blending
with heavier refinery naphtha may be used as
motor fuel. As the relative proportions of
these higher hydrocarbons are not determined
in ordinary gas analysis, it is impossible by
inspection of the analysis to estimate the value
of the gas for gasoline extraction. The specific
gravity of the gas is a rough index of its value
for this purpose, though not sufficiently ac-
curate or reliable to serve as a definite criterion.
Determination of the proportion of the gas
absorbed by claroline or other oil furnishes a
better laboratory test, but the only entirely
satisfactory method of determining the per-
centage of gasoline that may be extracted is an
actual test with a small portable plant.?

ANALYSES.

The accompanying tables show the composi-
tion of 27 samples of gas from the Sunset-
Midway field as determined by the ordinary
analytical methods. Many of the analyses,
including most of those of Table 6, represent
casing-head gas, which is directly. associated
with the oil; others represent “dry” gas,
occurring several hundred feet above the
highest oil-producing zone, and still others
represent the gas occurring in an oil zone but
at a point where the zone carries only gas.
Methane is the predominating constituent in
all the samples; ethane is generally present,
and in sample 19 it amounts to 37.5 per cent.
As the figures for methane and ethane are
simply calculated from the determination of

2 Burrell, G. A., and Jones, G. W., Methods of testing natural gas for
gasoline content: Bur. Mines Tech. Paper 87, 1916. Burrell, G. A.,
Seibert, F. M., and Oberfell, G. G., The condensation of gasoline from
natural gas: Bur. Mines Bull. 88, 1916.
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total paraffins, they have no very exact value
separately and seem to bear only a slight rela-
tion to the geologic horizon at which the gas
occurs. Ethane, however, is usually fairly
high in the casing-head gas, as in samples 5, 6,
7, and 19, and is generally low or absent in the
gas occurring far above the oil, as in samples
8, 15, 25, and 27, though some samples of such
gas contain a considerable percentage of ethane.
Ethane is of course fairly high in the gases that
are valuable for the condensation of gasoline,
such as sample 19, and these gases gre also
characterized by higher specific gravity. Nearly
all the samples contain a small percentage of
nitrogen, some though not all of which probably
represents admixed air. »¥
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The most striking feature of the Munset-
Midway gas is its rather high propor‘ion of
carbon dioxide. In seven samples from the
western part of the field the carbon dioxide
averages 18 per cent, and in 20 gases from the
eastern part it averages 5.5 per cent. Accord-
ingly the heating value of the 7 gases averages
about 900 British thermal units, where=s that
of the 20 averages 1,070 British thermal units,
or about the same as that of methane. 1Tatural
gas from the Appalachian fields contains but
little carbon dioxide or mnitrogen and accord-
ingly has a higher heating value; the gas used
in the city of Cleveland, Ohio, for example,
has a heating value of about 1,200 British
thermal units.

TABLE 6.—Analyses of natural gas from the western part of the Sunset- Midway field.

1 2 3 4 5 6 7
Carbon dioxide (COg) «eeeveeemmnn-n-.. 19.7 10.5 20.0 9.8 22.8 24.2 20.0
Oxygen (Og).ccemmemnnmnmiaaaanoL. 1 38 . .0 1 1) .0 .0
Methane (C?Hs) ....................... 73.8 87.7 74.7 89.1 85.9 65.2 62.5
Ethane (CoHg)eevveeonrenceneaaanan. 5.7 .0 4.4 .0 10.7 9.4 16. 4
Nitrogen (Ng)eeeeoeocoaoeman